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Structure of the NF-KB transcription factor: a holistic
interaction with DNA
An unexpected mode of binding to DNA is revealed in two crystal structures of a
transcription factor that is essential for many signalling pathways in eukaryotic cells.
Structure 15 February 1995, 3:135-141
In the January 26th issue of Nature the laboratories of
Steven Harrison [1] and Paul Sigler [2] describe the
structures of homodimeric DNA-bound cores of the p50
subunit of NF-KB, a transcription factor of great impor-
tance in cellular signal transduction, particularly in the
immune system. A novel aspect of these structures is that
the recognition of DNA by the protein is mediated by
inter-strand loops provided by two immunoglobulin-like
domains in each monomer, and not by o-helices or
3-strands. The DNA-binding functionality of NF-KB
cannot be ascribed to any one localized region of the
structure, as it is the entire scaffolding of the protein that
presents the loops for proper interaction with DNA. This
new paradigm for the recognition of DNA by proteins is
an unexpected bonus provided by the structure.
Why does the NF-KB structure strike us as so unex-
pected? Ten years ago Mark Ptashne and co-workers pub-
lished two papers that had a profound effect on our
understanding of how transcription factors (and by exten-
sion, other proteins) are constructed [3,4]. These papers
demonstrated that transcription factors are intrinsically
modular, and that localized functional regions can be
swapped between proteins with the transferral of speci-
ficity. The early holistic view of protein structures as intri-
cate assemblies of inter-dependent pieces has evolved to
include the knowledge that many proteins are constructed
from more or less independent units by a 'mix and match'
approach. The three-dimensional structures of transcrip-
tion factors determined over the years [5,6] have served to
reinforce the expectation that discrete functions are parti-
tioned among distinct structural units of these DNA-bind-
ing proteins (for review, see [7]). Thus, a 'typical' dimeric
transcription factor would be expected to have a domain,
or region, that mediates oligomerization, with distinct
DNA-binding domains that present 'reading heads' (made
of ot-helices or 3-strands) that recognize each of the
corresponding half-sites of the target DNA separately.
Given these expectations of what a transcription factor
ought to look like, the two new structures of NF-KB
bound to DNA provide the considerable pleasure of
viewing the unanticipated. And for those whose interests
lie more towards transcription, the structure is a treasure-
trove, because the unexpected nature of the NF-KB
architecture provides a new framework for the design of
experiments to answer the many unresolved questions
about NF-KB function.
The complexity of NF-KB function
NF-KB was first characterized from B-lymphocytes as an
inducible nuclear activity that was able to bind the KB
motif in the enhancer of the immunoglobulin K light-
chain gene [8]. It was soon realized that NF-KB is a
ubiquitous factor present in virtually every cell type,
although its role is more prominent in the immune sys-
tem (for reviews, see [9-11]). NF-KB was initially char-
acterized as a heterodimeric complex consisting of a p50
and a p65 subunit. The subsequent cloning of several
related proteins led to the discovery of the Rel family of
transcription factors. The members of this family share
the Rel homology region - an extensive region of
sequence similarity with the product of the c-Rel proto-
oncogene [12], which contains a nuclear localization sig-
nal as well as DNA-binding and protein-dimerization
regions. It is this region of the p50 subunit of NF-KB
that is the focus of the two new crystal structures.
The members of the Rel protein family can be classified
into two groups. One class (group A) includes the very
closely related proteins, p50 [13-15] and p52 [16-18],
which are both generated by proteolytic processing of
larger precursor proteins [19,20]. The second class (group
B) includes c-Rel [12], p6 5 (or RelA) [21-23], RelB
[24,25] and the Drosophila proteins, Dorsal [26] and Dif
[27]. These proteins differ from p50 and p52 in that they
are not generated by proteolytic processing, and they
contain strong transcriptional activation domains at
their C termini [9,11]. NF-KB proteins bind to their tar-
get sequences as dimers with very high affinity
(Kd=10-12 M), and can either activate or repress tran-
scription [9]. Every member of group A or B can form
homodimers or heterodimers with members of either
group, with the exception of RelB, which does not
form homodimers but can form stable heterodimers with
p50 or p52 [9,10]. Depending on the cell type or the
activation state of a given cell, different homodimers and
heterodimers can be found in the nucleus or in the cyto-
plasm. The regulation of transcription by NF-KB is thus
quite complex, since different dimeric forms possess dis-
tinct sequence specificities and transcriptional activities.
NF-KB plays an essential role in a variety of signal trans-
duction pathways, where it senses changes in the extra-
cellular environment and transmits this information to
the nucleus rapidly and with high specificity. A central
element of these pathways is the partitioning of NF-KB
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proteins between the cytoplasm and the nucleus (Fig. 1).
The activity of NF-KB is regulated primarily at the level
of specific nuclear transport, by the action of inhibitory
proteins called inhibitor (I)-KBs [10,28,29]. The associa-
tion of an IKB protein with NF-KB results in the mask-
ing of the nuclear localization signal, and the ternary
complex therefore resides in the cytoplasm. Activation of
NF-KB by releasing it from the inhibitor is caused by a
remarkably large and divergent set of external stimuli,
including bacterial or viral products, various cytokines,
phorbol esters and oxidative or physical stress [9]. The
consequent translocation of NF-KB to the nucleus allows
it to influence transcription by binding to decameric
DNA sequence motifs of the general form GGGRN-
NYYCC (where N is any nucleotide, R is purine and Y
is pyrimidine). NF-KB binding sites have been identified
as critical regulatory motifs in a large number of genes
Fig. 1. Schematic diagram illustrating the mechanism of
activation of NF-KB, adapted from reference [331.
including those that encode some cytokines and cytokine
receptors, class I MHC molecules and some viral proteins
[11]. The majority, if not all, of the NF-KB target
genes share the feature of being very rapidly induced by
external stimuli, a property that further underscores the
efficacy of NF-KB.
The cytoplasmic pool of NF-KB proteins coexists with
two different forms of inhibitory molecules (Fig. 1).
One contains the p105 and p100 precursor proteins
for p50 and p52, respectively, and the other contains a
separate IKB molecule, IKBox (Fig. 1) [10,29]. The strik-
ing discovery that resulted from the molecular cloning of
the p50 subunit of NF-KB was that it is not synthesized
as an active DNA-binding protein, but rather as the
N-terminal portion of the larger precursor protein,
p105. The C-terminal half of p105 functions as an IKB
molecule, either in cis or in trans, by preventing both
DNA binding and nuclear translocation ofpl05 or other
Rel proteins [9,29]. The common structural feature of
the C termini of p105 and p100, and all the other IKB
proteins, is the presence of multiple motifs called
ankyrin repeats that are required for physical interaction
with the Rel homology region. Thus, there are two
different ways by which active NF-KB can be generated
in the nucleus of mammalian cells. First, treatment of
the cells with different inducers results in the dissocia-
tion of NF-KB complexes from the IKB molecules with
concomitant degradation of IKB [29]. Second, in the
same cell these inducers accelerate the proteolytic pro-
cessing of the p105 or p100 precursors [30,31], resulting
in the formation of active hetero-dimers. Both IKB
and the C-terminal of p105 are phosphorylated and
then rapidly degraded by proteases associated with the
proteasome [31-34].
A central, but as yet unresolved, issue in the regulation of
transcription by NF-KB proteins is related to the speci-
ficity of the response. As mentioned earlier,
NF-KB can be activated by many different external stim-
uli. Moreover, NF-KB proteins have been implicated in
the regulation of a remarkably large number of different
genes that respond to distinct inducers. Thus, a variety of
mechanisms must exist for achieving the high level of
specificity that is seen for NF-KB-dependent transcrip-
tional activation. A number of recent observations shed
some light on these mechanisms. For example, the
homodimers or heterodimers formed by NF-KB proteins
display distinct but overlapping DNA recognition prop-
erties and transcriptional activities, suggesting that selec-
tive gene expression may result from activation of specific
homodimers or hetero-dimers [35-37]. Moreover,
depending on the particular cell type, distinct inducers
may activate different sets of NF-KB proteins. Additional
specificity is achieved through synergistic interactions
between NF-KB and other transcription factors, such as
NF-IL6, ATF-2, AP-1 and Spl, that bind to adjacent
DNA sequences [38-43]. The interplay between NF-KB
and the high mobility group protein (HMG) I(Y) is par-
ticularly interesting, as these two proteins augment
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transcription by interacting at the major and minor
grooves of the same recognition site [44].
NF-KB structure
The two structures reported are both of the homodimers
formed by the p50 subunit of NF-KB; Harrison and co-
workers [1] used human NF-KB, whereas Sigler and co-
workers [2] used the mouse protein. Human and mouse
NF-KB sequences are very similar, although the residue
numbering is slightly different. The Sigler group used the
smallest construct (residues 39-364) of mouse p50 that is
sufficient to bind the KB DNA site and the IKB inhibitor
[2]. The Harrison group describes a larger construct of
human p50 (residues 2-366), identified by proteolysis,
but residues 2-42 are disordered in the crystal [1]. Thus,
both groups report the structure of a very similar dimeric
DNA-binding core of p50 that encompasses approx-
imately 320 residues and forms the Rel homology
region. The nuclear localization signal is just C-terminal
to the structure seen in the crystal. In both cases the
protein was expressed in Escherichia coli and the structures
were determined using iodinated nucleotides and sel-
enium-labeled protein to help generate phases, resulting
in final atomic models refined at 2.3 A for mouse [2] and
2.6 A for human [1].
The Rel homology region is made up of two structural
domains, each of which consists of a sandwich of antipar-
allel -strands arranged in an immunoglobulin-like fold.
This fold is one of the most commonly found architec-
tures in animal proteins [45], but the p53 tumor suppres-
sor protein is the only other transcription factor in which
this fold has been seen [46]. Proteins with immuno-
globulin folds often share little or no sequence similarity
[45] and indeed, the domains in p50 cannot be aligned
with other structures on the basis of sequence. Bork et al.
[45] have analyzed the various sub-types of immuno-
globulin-like folds found in proteins that do not share a
common sequence signature. Despite the lack of sequence
similarity, these proteins share a common structural core
Fig. 2. Schematic representations of
the immunoglobulin-like folds seen in
(a) NF-KB p50 [1,2], (b) the four sub-
types of the immunoglobulin-like fold,
as defined by Bork et al. [45] and,
(c) p53 [46]. The strands shown in red
correspond to the conserved structural
core of the domains (strands b, c, e and
f) and those shown in green are also part
of the immunoglobulin-like domains but
are more variable [45]. The strands in
parts (a) and (b) are labeled using the
nomenclature corresponding to the
standard one for immunoglobulin-like
domains. For part (c) the nomenclature
used by Pavletich and co-workers [46]
is shown adjacent to the secondary-
structure elements (S1, S2 etc.).
Elements that interact with DNA in p50
and p53 are shown in light blue, and
secondary-structure elements that are
not part of the immunoglobulin-like
domain are colored lilac. The lengths of
the secondary-structural elements and
the connecting loops have no particular
meaning in these schematic diagrams.
The NF-KB diagram is adapted from [21,
the p53 diagram is based on [46], and
the four sub-types of the immunoglobu-
lin fold are adapted from [45].
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consisting of four 1-strands within the two antiparallel 13-
sheets of the immunoglobulin-like fold (strands b, c, e and
f; colored red in Fig. 2) [46]. Four sub-types of the fold
have been identified by Bork et al., differing from each
other in the nature of the additional strands that make up
the two sheets. The v- and c-type folds are found in the
variable and constant domains of immunoglobulins. The
s-type (for 'switched') fold is similar to the c-type fold of
immunoglobulins, except that strand d has switched to
the other sheet (labeled c' in Fig. 2b). The h-type (for
'hybrid') fold has elements in common with the c- and
s-type folds (Fig. 2b). S-type folds are seen in CD4,
growth hormone receptor and fibronectin, whereas an
h-type fold is seen in cellulase [45].
The strand connectivities in the two domains of NF-KB
p50 (Fig. 2a) resemble that of the s-type immunoglobulin
fold most closely. Strand d, which is present in the v-, c-
and h-type folds, is absent in s-type folds and the p50
domains. S-type folds and the p50 domains contain
strand c', but not c". However, there are some differ-
ences: strand a in the second domain of p50 crosses over
from one sheet to the next, a feature that is reminiscent
of the v-type immunoglobulin domains. Although strand
d is absent in the second domain in the mouse model
[26], the human NF-KB structure [1] has a strand corre-
sponding to d, which makes its second domain resemble
an h-type fold (Fig. 2b). Fig. 2b also shows the 1-strand
connectivity in the p53 tumor suppressor protein [46].
The immunoglobulin-like core of p53 resembles a c-type
fold, in that strand d is present, and strands c' and c" are
absent. The nature of the additional secondary-structure
elements and the inter-strand loops in p53 is quite
different from that in the p50 domains, although both
structures do use loops to recognize DNA.
It should be noted that although the topological compar-
isons discussed here provide a useful frame of reference,
the extent of structural diversity between different
immunoglobulin-like domains is so large that these simi-
larities and differences should not be interpreted imme-
diately in terms of functional or evolutionary relation-
ships. Nevertheless, as pointed out by Ghosh et al. [2], it
is intriguing that this fold, which is most commonly seen
in extracellular proteins that form components of cellular
signalling mechanisms and the immune system, is now
shown to occur in one of the most important intracellu-
lar regulators of the cellular response to external signals.
DNA binding by the Rel homology region
The two molecules of p50 form an X-shaped structure
with DNA bound at one of the clefts of the 'X' (Figs 3
and 4). Dimerization is mediated by the formation of an
extensive hydrophobic interface between the surface of
one of the -sheets in the second domain of a p50 mol-
ecule and the corresponding element in the other mol-
ecule. The N-terminal domains of each monomer point
away from the dimer interface, forming two arms of the
'X', and are each connected to the corresponding
C-terminal domains by a flexible, but well ordered,
linker. The base of the second domain, the linker and
the first domain are all in contact with the major groove
of the DNA, which is almost encircled by the homo-
dimer (Figs 3 and 4). This interaction requires that the
Fig. 3. Structure of the NF-KB p50
homodimer bound to DNA. Panels
(a) and (b) show two views of the
complex, with the protein and DNA
represented by a ribbon diagram and
a space-filling model, respectively.
Panels (c) and (d) show the same views
as (a) and (b) but with the DNA
removed and with the inter-strand loops
labeled [2]. (Reproduced, from [2], with
permission.)
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within each monomer that make contact with DNA,
one is particularly important in making base-specific
interactions. Loop 1, in the N-terminal domain, makes
hydrogen-bond interactions with three outer guanines
and the inner two cytosines in the human NF-KB struc-
ture and with the two outer cytosines and guanines in
the mouse NF-KB structure. A characteristic feature of
the recognition of CG base pairs is a structural motif
formed by two arginines and a glutamate in loop 1. The
glutamate appears to position the two arginine side
chains for interaction with two adjacent guanines on one
strand, while forming hydrogen-bond interactions with
the cytosines on the other strand. Both groups report the
interaction of a lysine in loop 3 with a thymine in the
middle of the DNA sequence. In addition, Ghosh et al.
[2] report additional interactions, mediated by water,
between this lysine and an adenine, and between an
arginine in loop 5 and an adenine.
Fig. 4. Surface of the NF-KB p50 dimer, identifying the potential
interaction sites for IKB and HMG I(Y) [1]. NLS denotes the posi-
tion of the nuclear localization signal. Note that the DNA, seen
in the center of the figure, is almost completely engulfed by the
p50 dimer. (Reproduced, from [1], with permission.)
connection between the two domains be flexible, since
the dimer of p50 clamps the DNA by forming a 'set of
jaws' [1] that must open in order to bind to or release
DNA. This vice-like embrace of the DNA by the p50
dimer probably explains the unusually high affinity of
NF-KB for DNA, which is much greater than that
observed for other eukaryotic activators [9].
Contacts between the DNA and the p50 dimer are
mediated by ten loops (five in each monomer) that con-
nect 3-strands. Two of the loops are from the N-terminal
domain, one is the inter-domain linker, and two are in
the second domain (Fig. 2a). The entire Rel homology
region, including the domain responsible for dimeriza-
tion, is thus involved in forming the interface with
DNA. This explains the inability of deletion mutagenesis
to localize the DNA-binding region of p50, because
changes anywhere in the structure could affect the dispo-
sition of the inter-strand loops. Another striking feature
of the DNA recognition interface is that the two half-
sites that are recognized by the protein make contacts
with both of the monomers in the dimer. That is, a dis-
section of the interaction surface into two independent
components is not possible, in contrast to what has gen-
erally been observed with dimeric transcription factors.
This interweaving of the two molecules has important
consequences for the mechanism of NF-KB, since
heterodimers of Rel family members are biologically
more important than homodimers: each member of a
heterodimeric pair could influence the interaction of its
partner with each of the two half-sites in any particular
target, leading to a very complex spectrum of specificity.
The overall features of the recognition of DNA are quite
similar in the two structures [1,2]. Of the five loops
Differences in the details of DNA recognition between
the two structures arise because of a fundamental differ-
ence between the DNA sequences used in the two struc-
ture determinations. Ghosh et al. [2] used a perfectly
symmetrical 10mer duplex (GGGAATTCCC), whereas
Miller et al. [1] used an 1 limer DNA sequence (GGGG-
AATCCCC) that forms a duplex with an A-A mismatch
in the middle. Although both sequences correspond to
valid p50 target sites, the structure reported by Miller et
al. has five base pairs between GG core elements,
whereas the structure of Ghosh et al. has six. The fact
that very similar interactions with DNA are observed in
both cases emphasizes the flexibility of the p50 homod-
imer: presumably, the linker between the two domains
allows the structure to adapt to differences in half-site
spacings, which may be another important aspect of the
mechanism by which NF-KB functions.
The structure of the p50 homodimer evokes comparison
with that of the tumor suppressor protein p53 [46], since
both proteins contain immunoglobulin-like domains and
utilize inter-strand loops to recognize DNA. Miiller et al.
[1] find that 43 Cot positions in the N-terminal domain
of p50 superimpose with corresponding atoms in p53
with a relatively low rms deviation (1.6 A). In both
structures, the loop following the first 3-strand of the
domain makes critical interactions with DNA (Fig. 2).
There are, however, many important differences between
the two structures. Unlike p50, p5 3 positions an a-helix
in the major groove, and resembles 'conventional' tran-
scription factors to that extent. The details of the inter-
strand connections and the topology of the immuno-
globulin-like domains are also different between the two
structures (Fig. 2), suggesting that the close structural
similarity observed between the cores of the two proteins
may reflect the intrinsic similarity of immunoglobulin-
like folds, rather than a familial relationship.
Implications for NF-KB function
The relatively high level of sequence similarity between
the various members of the Rel family makes it more
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than likely that the architecture of the p50 homodimer is
a good model for the three-dimensional structures of the
various homodimers and heterodimers formed by these
proteins. The structures presented are for symmetric p50
dimers bound to symmetric DNA sites, and the details of
the interaction between the more important hetero-
dimeric forms of the protein with asymmetric DNA tar-
gets need to be better understood. The crystal structures
described [1,2] clearly delineate the surfaces that are in
contact with DNA, that form the dimer interface, and
that are available for other interactions. They therefore
provide an extremely useful map for the design of muta-
genesis experiments aimed at further elaborating the
mechanism of DNA recognition and interaction with
other protein factors. In addition, the structure may also
be important for understanding the function of distant
relatives of Rel, such as the nuclear factor of activated
T cells (NFAT). Although it is not part of the family of
proteins that has been described in this review, NFAT
contains a Rel homology region and is also activated in
the cytoplasm prior to translocation to the nucleus.
The structure of the p50 homodimer bound to DNA
reveals an extensive surface, both on the DNA and on
p50, that is available for interaction with other protein
factors (Fig. 4). For example, HMG I(Y) binds in the
minor groove of some KB elements [44]. Since most of
the interactions between p50 and the DNA occur in the
major groove, the minor groove is available for interac-
tion with HMG I(Y). The two helices in the N-terminal
domain of p50 are adjacent to this presumed binding site
(Fig. 3), in a region that is variable in sequence and
length. In other Rel family members, such as p65, these
helices may be shortened or missing altogether. This
variation may provide a means of modulating the inter-
action with factors such as HMG I(Y).
The nuclear localization signal, which is not visible in
the structure, and the presumed IKB-binding site are
both on the surface of the p50 homodimer directly
across from the presumed HMG I(Y) binding site (Fig.
4). This region is between the two C-terminal domains
of the monomers, on the side that does not contact
DNA. IKB inhibits the in vitro binding of NF-KB
dimers containing p65 or c-Rel to DNA. Since the
presumed IKB site is distant from the DNA, the block-
age of DNA binding presumably occurs via conforma-
tional changes induced in NF-KB by IKB. The
IKB-binding site is well positioned for this, since it is
located at the junction of the two dimerization
domains, and the binding of IKB may lead to a scissors-
like motion of the NF-KB dimer, thus altering the
interface with DNA.
As we indicated at the beginning of this review, perhaps
the most intriguing consequence of the NF-KB structure
is that it reveals a mode of DNA-protein interaction that
is much more extensive than that seen in most transcrip-
tion factors. The structures of DNA complexes of
endonucleases, of the p53 protein and of the TATA-box
binding-protein have prepared us for non-modular inter-
actions of transcription factors with DNA, and now the
NF-KB structure provides a dramatic illustration of a sys-
tem where a large protein scaffold plays an integrated role
in dimer formation and the recognition of DNA. This
kind of holistic interaction with DNA may also turn up
in other transcription factors for which all attempts to
localize DNA-binding to small separable units have
failed, such as the STAT proteins that directly transduce
signals from cell surface receptors [47].
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